SbcC-SbcD are the bacterial orthologs of Mre11-Rad50, a nuclease complex essential for genome stability, normal development, and viability in mammals. In vitro, these enzymes degrade long DNA palindromic structures. When inactivated along with ExoI in Escherichia coli, or Sae2 in eukaryotes, palindromic amplifications arise and propagate in cells. However, long DNA palindromes are not normally found in bacterial or human genomes, leaving the cellular substrates and function of these enzymes unknown. Here, we show that during the completion of DNA replication, convergent replication forks form a palindrome-like structural intermediate that requires nucleolytic processing by SbcC-SbcD and ExoI before chromosome replication can be completed. Inactivation of these nucleases prevents completion from occurring, and under these conditions, cells maintain viability by shunting the reaction through an aberrant recombinational pathway that leads to amplifications and instability in this region. The results identify replication completion as an event critical to maintain genome integrity and cell viability, demonstrate SbcC-SbcD-ExoI acts before RecBCD and is required to initiate the completion reaction, and reveal how defects in completion result in genomic instability.
SbcC-SbcD are the bacterial orthologs of Mre11-Rad50, a nuclease complex essential for genome stability, normal development, and viability in mammals. In vitro, these enzymes degrade long DNA palindromic structures. When inactivated along with ExoI in Escherichia coli, or Sae2 in eukaryotes, palindromic amplifications arise and propagate in cells. However, long DNA palindromes are not normally found in bacterial or human genomes, leaving the cellular substrates and function of these enzymes unknown. Here, we show that during the completion of DNA replication, convergent replication forks form a palindrome-like structural intermediate that requires nucleolytic processing by SbcC-SbcD and ExoI before chromosome replication can be completed. Inactivation of these nucleases prevents completion from occurring, and under these conditions, cells maintain viability by shunting the reaction through an aberrant recombinational pathway that leads to amplifications and instability in this region. The results identify replication completion as an event critical to maintain genome integrity and cell viability, demonstrate SbcC-SbcD-ExoI acts before RecBCD and is required to initiate the completion reaction, and reveal how defects in completion result in genomic instability.
A ccurate replication of the genome requires that cells tightly regulate the processes of initiation, elongation, and completion to ensure that each daughter cell inherits an identical copy of the genetic information. Although the mechanisms regulating initiation and elongation have been extensively characterized (1, 2) , the process of how replication is completed has, until recently, remained unknown. Accurately completing replication necessitates that cells recognize replicated regions and join the strands of converging replication forks at the precise point where all sequences have doubled. This event occurs thousands of times per division along the chromosomes of human cells, and therefore must be remarkably efficient. Failure of even a single completion event would be expected to result in duplications, deletions, rearrangements, or cell death, depending on how the convergent strands are processed. Cells devote a large number of enzymes to maintain the fidelity of both replication initiation and elongation, and recent studies have shown that this final step, required to maintain genomic integrity, similarly requires enzymatic control and is tightly regulated (3, 4) .
The completion step of DNA replication has been challenging to study in eukaryotic cells, in part because multiple origins are used with varying efficiencies and timing, making the genomic loci where forks meet highly variable between cells and cell cycles (5, 6) . In comparison, Escherichia coli is uniquely suited to dissect this fundamental aspect of cellular metabolism because the event can be localized to a single ∼400-kb region of the chromosome, opposite to its bidirectional origin of replication (7) . This region is flanked by ter sequences that bind the protein Tus, blocking replication forks in an orientation-specific manner (8) . Although ter ensures that completion events occur within this region, they do not appear to be directly involved in the reaction, as chromosomes and plasmids lacking ter replicate normally and are stably maintained in the cell (9, 10) .
In E. coli, the completion of DNA replication requires the RecBCD helicase-nuclease complex and occurs through a reaction that does not involve recombination or RecA (3, 4) . In the absence of RecBCD, cultures either fail to replicate or fail to maintain the chromosome region where replication forks converge, leading to large segments of the chromosome remaining unreplicated or degraded in this region. The inability of recBCD mutants to replicate or maintain this region of the chromosome severely compromises growth and viability in these cultures (3, 4) . In vitro, RecB and RecC interact with RecD to form a dual helicase-nuclease complex that unwinds and degrades doublestrand DNA ends (11, 12) . The enzymatic complex is capable of rapidly translocating and degrading DNA for tens to hundreds of kilobases at a rate of ∼1,000 bp/s, a processivity and rate that approaches that of the replisome's ability to synthesize these sequences (13) (14) (15) . Loss of RecB or RecC inactivates the complex, whereas loss of RecD inactivates the nuclease but retains helicase activity (16) (17) (18) . How RecBCD promotes the completion of DNA replication, and what intermediate substrates are involved in this reaction, remain to be characterized.
Other enzymes that compromise the ability to complete replication have also been identified and include SbcC-SbcD and ExoI. In the absence of these enzymes, the region where replication forks converge is overreplicated or amplified (3, 19) . Curiously, although chromosome replication is clearly abnormal in these mutants, the overrepresented amplification regions of the chromosome do not appear to compromise the growth or viability of cells in culture.
SbcC-SbcD and ExoI belong to a class of nucleases that are critical to genome stability but whose cellular function remains poorly understood. SbcC-SbcD are the bacterial orthologs of Significance SbcC-SbcD and ExoI belong to a class of highly conserved nucleases that are critical to genome stability, but whose cellular function remains poorly understood. Human homologs of these proteins are essential for viability and normal development, and lead to severe developmental abnormalities and cancer predisposition when mutated. Here we show that these enzymes process DNA intermediates at sites where replication forks converge and are required for chromosome replication to complete normally. Cells lacking these gene products are unable to complete replication normally, and rely on an aberrant recombinational mechanism to maintain viability that leads to genomic instability and amplifications at these sites, similar to that seen in human cancers where these genes have been found to be inactivated.
Mre11-Rad50 in humans and yeast (20, 21) . They are both structurally and functionally conserved in all three domains of life (22, 23) . All SbcC-SbcD orthologs form a heterotetrameric complex with a remarkably unique architecture, containing two long coiledcoil regions that extend up to 60 nm within the SbcC (Rad50) dimer where the ATPase and SbcD (Mre11) interaction site reside (22) . When bound with the SbcD dimer, these complexes contain a prominent endonuclease activity that incises DNA hairpins, as well as single-strand endonuclease and double-strand 3′-5′ exonuclease activities (24) . Human CtIP, yeast Sae2, and E. coli ExoI appear to be conserved at the functional level. Inactivation of these nucleases enhances the palindrome amplifications and genetic instabilities that arise in mutants lacking SbcC-D or Rad50-Mre11 (25) (26) (27) . In humans, these genes are essential for viability and normal development, whereas hypomorphic mutations lead to severe developmental abnormalities and cancer predisposition (28) (29) (30) (31) . Mutations render cells in culture hypersensitive to double-strand breaks and perturb the normal progression through the cell cycle (29, 30, (32) (33) (34) . These phenotypes are often attributed to defective repair of double-strand breaks, and the enzymes are most commonly proposed to function as initiators of recombinational repair, processing DNA ends before the Rad51 recombinase can load and facilitate recombination (35, 36) . However, several enigmatic phenotypes associated with these enzymes are difficult to reconcile with this model. Rad51 foci form normally in the absence of Mre11 or Rad50 (37) (38) (39) , implying that processing by these enzymes is not required to initiate recombinational Rad51-filaments. Curiously, the preferred substrate of the E. coli, yeast, and human enzymes are not double-stranded DNA ends, but long hairpin or palindromic DNA structures (40) (41) (42) . Inactivation of Mre11 and CtIP in vivo leads to widespread genomic instabilities that include the appearance of palindromic duplications (25, 43) . Similarly, in E. coli, palindromic sequences can only be maintained in mutants lacking SbcCD and ExoI (44, 45) , indicating that, somehow, palindromic sequences are relevant to their in vivo function. However, long palindromic sequences are not encoded in eukaryotic or bacterial genomes, making it unclear why palindrome-specific nucleases would be essential in mammalian cells or how palindromic duplications rapidly appear in their absence. Thus, the substrates and essential function that these enzymes have in the cell has remained an elusive question.
In this study, we show that SbcC-SbcD and ExoI are required to initiate the completion of DNA replication on the chromosome and act at a step before RecBCD in the process. The enzymes process a proposed palindrome-like intermediate that forms at sites where replication forks converge. SbcCD and ExoI processing likely creates a substrate that allows RecBCD to bind and promote joining of convergent replication fork strands, either directly or indirectly. In the absence of SbcCD and ExoI, these structural intermediates persist and the normal completion of replication is prevented. Furthermore, we show that under these conditions, cells maintain viability by processing these intermediates through an aberrant recombinational mechanism that accounts for the widespread genomic instabilities and amplifications that are observed in mutants lacking these nucleases.
Results

SbcC-SbcD and ExoI Are Required for Replication to Complete
Normally and Act Upstream of RecBCD in the Reaction. The ability to complete chromosome replication can be observed by profiling the copy number of DNA sequences across the genome of replicating cultures. In this approach, genomic DNA is purified from replicating cultures, fragmented, and sequenced. The replication profile is then determined by counting the number of sequences that align to each segment of the chromosome (Fig. 1A) . In wildtype cultures, sequences surrounding the bidirectional origin replicate first, and are observed at higher frequencies relative to chromosome regions that replicate later. Overall, sequence frequencies decrease inversely with their distance from the origin until reaching the terminus region where replication forks converge and replication completes (ref. 3 and Fig. 1B) .
In recBCD mutants, a dramatic loss of sequences is observed in the region where replication forks converge (Fig. 1C ). An identical result is observed in recBC mutants alone (3) . The copy number of sequences in the terminus region is reduced approximately twofold relative to wild-type cultures. Assuming that more than half of sequence reads must correspond to parental DNA strands, one can infer that nearly all the cells in the recBCD population have difficulty replicating or maintaining this region of the chromosome. This severely impairs growth and viability in recBC cultures (3). The slope of the progressing replication forks away from the origin is similar in both recBCD and wild-type profiles (−30.0 vs. −28.8 normalized reads/Mb, respectively) before reaching the terminus region, where the recBCD slope rapidly deteriorates, relative to wild-type cultures (−133.8 vs. −13.9 normalized reads/Mb, respectively). The observation argues against the idea that overall fork progression is impaired or impeded in recBCD mutants and indicates that the replication defect localizes specifically to the region where replication forks converge in these mutants. In contrast, completion has previously been shown to occur normally in recA mutants (3, 4) , demonstrating that the RecBCD-mediated reaction occurs independent of homologous recombination or double-strand repair and likely represents an intramolecular reaction. The inability of recBCD mutants to maintain the terminus region could arise either because RecBCD is required for replication forks to reach the terminus or because RecBCD is somehow required to allow DNA ends from convergent replication forks to be joined. In the latter possibility, persistent DNA ends from convergent replication forks would remain susceptible to nucleolytic attack, leading to extensive degradation and loss of DNA in the region where forks converge.
To differentiate between these two general mechanisms, we examined the replication profiles of recBC mutants that also lacked SbcCD and ExoI nucleases. ExoI, encoded by xonA, contains a processive 3′-5′ single-stranded exonuclease (46, 47) , whereas SbcCD is a double-stranded exonuclease that also has endonucleolytic activity at DNA palindromes (24, 44) . We reasoned that if RecBCD facilitates replication forks reaching the terminus, then the absence of exonucleases would have little effect on the depleted terminus region. Alternatively, if RecBCD action is required before DNA ends from convergent forks can be joined, then the absence of exonucleases may reduce or prevent the degradation occurring and partially restore the terminus region. We initially focused on SbcCD and ExoI as candidates because inactivation of these gene products has been shown to suppress recombination defects in recBC mutants during sexual processes, such as conjugation, transformation, or transduction (48, 49) . In addition, SbcCD and Exo I appear to participate in the completion reaction, as mutants lacking these gene products exhibit an increased copy number of sequences in the terminus region (ref. 3 and Fig. 1D) .
We found that inactivation of SbcCD and ExoI (sbcCD xonA) was sufficient to restore the DNA to the terminus region of recBC mutants. Surprisingly, loss of these nucleases resulted in overreplication of the terminus region, similar to that seen in sbcCD xonA mutants alone (Fig. 1E) . The observation demonstrates that replication forks reach the terminus region normally in the absence of RecBCD and implies that convergent fork ends remain unjoined and susceptible to degradation in recBCD mutants. Notably, overreplication in sbcCD xonA is phenotypically dominant to degradation in recBC mutants, indicating that the structure created by converging replication forks must be processed by SbcCD-ExoI before RecBCD can facilitate resection and joining during the completion reaction.
The sbcCD and xonA mutations appear additive in their effect on overreplication in the terminus (Fig. S1) . The observation could suggest that processing of the overreplicated region occurs by each of these enzymes, but that a double-stranded end required for RecBCD loading is only generated after both processing events have occurred.
Maintaining the Region Where Replication Forks Converge Correlates
with the Growth and Viability of Cells in Culture. The inability of recBC mutants to maintain the terminus region of the chromosome correlates with the impaired growth and reduced viability of these cultures relative to wild-type cells. Curiously, although the completion reaction is clearly abnormal in mutants lacking SbcCD and Exo I, the excess copy number or amplification of the terminus region does not impair the growth or viability of these mutants (Fig. 1 F and G) . We noted that inactivation of SbcCD and ExoI, which prevents degradation of the terminus region in recBC mutants, also restores the growth and viability of these cultures (Fig. 1 F and G) . The observation further supports the interpretation that the impaired growth and viability of recBC mutants is caused by an inability to maintain the terminus region on the chromosome and explains why inactivation of SbcCD and ExoI is able to suppress defects in recBC mutants. Importantly, however, although SbcCD and ExoI inactivation restores recBC viability, chromosomal abnormalities and amplifications persist in the region where forks converge, indicating that completion in the absence of these nucleases is occurring through an aberrant, alternative pathway.
Abnormalities in Completing Replication Can also Be Observed on
Plasmids Replicating in These Mutants. In recBC mutants, plasmids have a reduced copy number relative to wild-type cultures, suggesting that they replicate with a lower frequency of success. In recD mutants, which lack nuclease but retain helicase activity, plasmids continue to replicate past the doubling point, producing large quantities of both odd-and even-numbered multimeric circles as well as long linear multimers. These plasmids are not maintained and rapidly lost in culture (3, 50, 51) . In contrast, in the absence of RecA, which is required for all recombination and double-strand break repair, plasmids remain stable and replicate normally. The observations argue that the plasmid instabilities in recBC and recD mutants are associated with an impaired ability to complete replication, rather than defects in recombination or double-strand break repair. We next examined how SbcCD and ExoI affected plasmid stability in recBC and recD mutants. We found that, similar to what is observed on the chromosome, inactivation of SbcCD and ExoI alleviates the low copy number phenotype in recBC mutants and improves plasmid stability in both recBC and recD mutants ( Fig.  2A) . Also, similar to what is seen on the chromosome, although stability is restored, large amounts of multimeric amplification products are produced and persist in these populations, indicating that under these conditions, the plasmids are maintained through an alternate, aberrant mechanism (Fig. 2B ).
When Normal Completion Is Impaired, the Ability to Maintain Cell Growth and the Region Where Forks Converge Becomes Dependent on an Aberrant Recombinational Mechanism. To further investigate how cell viability and the terminus region are maintained under these aberrant conditions, we examined whether this alternative process depended on recombination. The completion of replication on the chromosome normally occurs through a mechanism that is independent of recombination and RecA (3). In mutants lacking RecA, the region where forks converge is maintained and cultures grow at rates comparable to wild-type cultures (Fig. 3) . However, we observed that in mutants where the normal mechanism of completion is prevented, the cell's ability to maintain growth and the chromosome region where forks converge becomes dependent on recombination and RecA ( Fig. 3 and Fig. S2 ). In the absence of RecA, sbcCD xonA mutations no longer suppress the defects in recBC cultures, as the terminus region is not maintained, and growth is severely compromised. Similarly, in sbcCD xonA recD mutants, the ability to maintain the terminus region and grow depends entirely on RecA. Thus, the normal RecBCD-mediated completion reaction occurs in the absence of recombination. However, when the normal completion reaction is prevented, the reaction is shunted through an aberrant, recombination-dependent mechanism that prevents loss of this chromosome region but is associated with amplifications and genomic instability at these locations. Strains that lose the recBC sbcCD xonA ability to maintain the region where replication forks converge are no longer able to grow, and viability is severely reduced.
Inactivation of SbcCD and ExoI, in an otherwise wild-type background, leads to amplification and genomic instability in the terminus region (Fig. 1) . To determine whether the absence of these nucleases, by themselves, prevent replication from completing normally, we asked whether maintaining the terminus region and cell growth in sbcCD xonA mutants depended on recombination. We found that the absence of SbcCD ExoI alone prevented replication from completing normally, and that in the absence of recombination, cells were unable to maintain the region where replication forks converge, and growth was severely impaired (Fig. 4) . Thus, in the absence of the nucleases that process the intermediate created by convergent replication forks, normal completion of replication is prevented, and the reaction is shunted through an aberrant recombinational process that prevents loss of these chromosome regions, but leads to genetic instability and amplifications at these sites.
Discussion
Taken together, the data presented here demonstrate that the completion of DNA replication occurs through a transient overreplication of the sequences where replication forks converge. This overreplication can be observed both in vivo and in vitro (3, 52) . SbcCD and ExoI are required to process the intermediate produced at sites where replication forks converge before RecBCD can resect these regions and facilitate joining of convergent DNA ends (Fig. 5A ). In the absence of SbcCD-ExoI, completion cannot occur and cell growth becomes dependent on an aberrant recombination mechanism to resolve these chromosomes that leads to genomic instability and amplification in this region. We also show that replication forks reach the terminus normally in the absence of RecBCD, but that joining of the nascent convergent forks fails to occur, leading to extensive degradation in these regions. SbcC-SbcD, and its human homolog, Mre11-Rad50, specifically incise long DNA palindromes both in vitro and in vivo (24, 25, 44, 53) . However, long palindromic sequences are not found in these genomes, and identifying the cellular substrate these enzymes act on has remained elusive. When considering the substrate created by the transient overreplication at sites where replication forks converge, it is apparent that the intermediate bears a striking similarity to the palindrome-like structure that is known to be cleaved by SbcC-SbcD and Mre11-Rad50 in vitro (Fig. 5B) . Here, we show that these sequences are substrates for SbcCD and ExoI in vivo. Furthermore, SbcCD-ExoI processing of this intermediate is essential for the normal completion of replication to occur, and results in genomic instabilities and amplifications when processing is impaired or prevented.
Several observations suggest the conserved Mre11-Rad50 and CtIP function similarly in humans and other eukaryotes (20, 21) . When processing of convergent replication fork intermediates is prevented in E. coli, abnormalities are observed on the chromosome. Although only one completion event occurs per cell cycle in E. coli, human cells require that that this event occur thousands of times along the chromosome each time the cell divides, and may explain why these genes are essential and lead to severe developmental defects and cancer when their function is impaired (25, 29, 30) . Consistent with this interpretation, lethality in mutants with compromised Mre11-Rad50-Nbs1 function arises not during, but after, replication through S-phase, as a result of a failure to resolve DNA bridges that persist between chromosomes attempting to separate during mitosis (33) . On the basis of the results presented here, we propose that these bridges represent unresolved completion events, such as depicted in Fig. 5 A, vi.
We show that when processing of the convergent replication forks is prevented, the overreplicated regions create homologous substrates that can alternatively be resolved through recombinational mechanisms (Fig. S3) . However, when completion occurs under these conditions, it produces chromosome instabilities and amplifications that are readily apparent in the replication profiles of mutants. In human cells, where completion events occur throughout the genome, this compromised fidelity would be expected to provide cancerous cells with a broad selective mechanism by which they may achieve a growth advantage through amplification. Direct and palindromic amplifications are correlated with tumor initiation, metastasis, and the development of drug resistance, sometimes in regions of known oncogenes (54) (55) (56) (57) (58) (59) (60) . These mutational signatures match those appearing on the sbcCD xonA chromosome, and are similar to the widespread palindromic amplifications and gross chromosome rearrangements arising in yeast after inactivation of Mre11 and Sae2 (25, 43) .
Finally, the aberrant, recombination-mediated mechanism that operates to maintain the chromosome in E. coli when the normal mechanism of completion is prevented has a number of similarities to the mechanisms that maintain chromosomes in immortalized eukaryotic cells. Similar to bacteria, telomerase-negative immortalized cells maintain the telomeric regions of their chromosomes through a recombinational process that is required for the growth and viability of these populations (25, 33, 43, (61) (62) (63) (64) . However, activation of this pathway leads to high rates of chromosome rearrangements and amplifications across the genome. SbcC-SbcD, ExoI and Mre11-Rad50, CtIP are conserved at the structural, biochemical, and phenotypic levels, making it highly likely that the role of these bacterial enzymes in completing replication, reported here, is likely to be similar for the mammalian enzymes and may account for their essential role in the cell.
Materials and Methods
All strains are derived from SR108 (Table S1 ). Bacterial culturing, genomic profile analysis, plasmid stability, genomic and plasmid DNA extractions, and Southern analysis have been described previously (3, 65, 66) . Further details are provided in SI Material and Methods. ii.
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Substrates for SbcCD . When the normal mechanism of completing replication is prevented, maintaining the region where forks converge becomes dependent on RecA and recombination. Replication profiles from two separate isolates of recBC sbcCD xonA mutants are shown. Both fail to maintain the region where replication forks converge. In the second isolate, the terminus region was deleted entirely. Replication profiles were performed as in Fig. 1 . Isolates correspond to strains CL2576 and CL2575, respectively.
